Abstract. NEK2 has been estimated to play an important role in cancer progression. However, its relevance in hepatocellular carcinoma (HCC) has not yet been explored. Immunohistochemistry revealed NEK2 expression was upregulated in HCC. NEK2-positive hepatocellular carcinoma patients were associated with poor prognosis after surgery compared with NEK2-negative patients based on Kaplan-Meier curves. Deletion of NEK2 reduced self-renewal properties and chemotherapeutic resistance, and decreased the stemness associated genes in cell lines. NEK2 was associated with unfavorable outcomes in HCC patients, and was revealed to regulate self-renewal property by means of Wnt/β-catenin signaling, and chemotherapeutic resistance by preferential regulation of the expression of ABCG2 and ALDH1A1 in HCC cells.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common cancers and the third leading cause of cancer-related deaths in the world (1) . Recently data showed that 782,500 new cases and 745,500 deaths occurred worldwide during 2012, with China alone accounting for approximately 50% of the total number of cases and deaths (2) . The majority of HCC occurs in the setting of chronic liver disease from viral hepatitis, alcohol abuse, heavy exposure to aflatoxin or algal hepatotoxins in contaminated water, betel nut chewing and diabetes mellitus (3) . The process of HCC involves a series of sequential and complex steps. Over the past decades a large number of studies mostly focused on the cancer stem cells (CSCs).
CSCs are a subset of tumor cells that are capable of selfrenewal, chemo/radio-therapeutic resistance, tumorigenicity and differentiation, similar to normal stem cells (4, 5) , and these characteristics could further result in aggressive phenotype of cancer and poor prognosis. Therefore, CSCs may serve as an effective therapeutic target in the treatment of HCC and may improve the current poor prognosis of this disease.
NIMA-related kinase 2 (NEK2), a member of the Nek family of serine/threonine kinases, is structurally related to the essential mitotic regulator NIMA and is highly enriched at the centrosome (6) . Recent data indicate that NEK2 has emerged as an important player in cancer progression. Overexpression of NEK2 in myeloma (7) , colorectal carcinomas (8, 9) , breast carcinoma (10, 11) , and lung cancer (12) has been associated with aggressive disease, poor differentiation, development of metastases and poor clinical prognosis. Previous studies also revealed expression of Nek2 and β-catenin were correlated with each other in clinical specimens of colorectal cancer and breast carcinoma (8, 10) . Furthermore, β-catenin was proved as a Nek2 substrate involved in centrosome separation (13) , and Nek2 could bind to β-catenin to prevent its ubiquitination and degradation (14) . β-catenin was well-known as a key components of canonical wnt/β-catenin signal pathway which regulate the CSC features.
However, up to now, no data are available regarding the role of NEK2 in HCC and CSCs. In the present study, we evaluated that NEK2 is highly expressed in HCC, and associated with tumor recurrence and poor prognosis. Furthermore, this study also revealed the role of NEK2 in CSCs, including maintaining self-renewal property by means of Wnt/β-catenin signaling,
NEK2 regulates stem-like properties and predicts poor prognosis in hepatocellular carcinoma
and influencing chemotherapeutic resistance by preferential regulating the expression of ABCG2 and ALDH1A1 in HCC cells. were in RPMI-1640 medium. All cell lines were supplemented with 10% fetal bovine serum (FBS; Gibco-Invitrogen Carlsbad, CA, USA), 100 units/ml penicillin, and 100 mg/ml streptomycin at 37˚C in a humidified incubator under 5% CO 2 .
Materials and methods

Patients
Immunohistochemistry (IHC) and IHC evaluation. Immunohistochemical stainings were performed following standard procedure. Briefly, formalin-fixed and paraffin embedded human samples were first cut into 5-µm-thick sections. Then the antigen retrieval was accomplished by deparaffinization, rehydration, and boiling in a microwave oven with citrated buffer. Hydrogen peroxide (3%) in PBS was used to block the endogenous peroxidase activity and BSA was used to block non-specific staining. Sections were incubated with NEK2 antibody (AP8074c; Abgent, San Diego, CA, USA) and β-catenin antibody (#9582; Cell Signaling Technology, Inc., Danvers, MA, USA) at 4˚C overnight. The EnVision kit (Dako, Carpinteria, CA, USA) was used to detect primary antibody followed by staining with DAB reagent and counterstaining with hematoxylin.
To evaluate IHC staining of NEK2/β-catenin in the nuclear and cytoplasmic regions, the expression of NEK2/β-catenin was scored as absent staining (-), weak staining (+), moderate staining (++) and strong staining (+++). In the present study, we characterize a low (-/+) score of NEK2/β-catenin as 'NEK2/β-catenin negative' and a high (++/+++) score of NEK2/β-catenin as 'NEK2/β-catenin positive', respectively (15, 16) . Assessments of the staining were scored in a double-blinded manner by two experienced pathologists. When a discrepancy arose for any case, the two pathologists discussed it and reached the final score by consensus.
Protein extraction and western blot analysis. Cell lysates were generated and total proteins were separated by standard SDS-PAGE, followed by transfer to PVDF membranes. The membranes were then washed and blocked before incubation of primary antibody (NEK-2, AP8074c, Abgent; β-catenin, #9582, Cell Signaling Technology; Bim1, #6964, Cell Signaling Technology; Sox2, #3579, Cell Signaling Technology; Nanog, AP21336c, Abgent; and β-actin, BS6007M, Bioworld Technology, St. Louis Park, MN, USA), followed by incubation of horseradish peroxidase (HRP)-conjugated secondary antibodies. The reactions were detected by enhanced chemiluminescence assay. β-actin was used as control.
RNA preparation and quantitative real-time PCR. All procedures were performed according to the manufacturer's instructions. Total RNA was extracted using the Ultrapure RNA kit (CWbio, Co., Ltd., Beijing, China). RNA was reverse transcribed into cDNA using iScript cDNA Synthesis kits (Bio-Rad Laboratories, Hercules, CA, USA). Quantitative real-time PCR (qRT-PCR) was performed using SYBR-Green PCR kit (Applied Biosystems). GADPH was used as loading control. Specific primers for the amplification of target genes and GAPDH were listed in Table Ⅰ .
Small interfering RNA and transfection. NEK2 siRNA sequences were previously performed (17) . The NEK2 siRNA-NEK2 sequence were 5'-UGCACUUGGACUUAGAUGUG AGCUG-3' (sence) and 5'-CAGCACAUCUAAGUCCAAGU GCA-3' (antisence). The NEK2 siRNA-control sequences were 5'-UUCUCCGAACGUGUCACGUTT-3' (sence) and 5'-ACGUGACACGUUCGGAGAATT-3' (antisence).
Transfection of the siRNAs for HCC cells was performed with Lipofectamine 3000 (Invitrogen) according to the manufacturer's instructions. After 48 h of transfection, cells were lysed for western blot analysis and quantitative real-time PCR. For chemosensitivity, colony formation and spheroid formation assay, cells were collected 24 h after transfection.
Spheroid formation assay, colony formation assay and chemosensitivity assay. For spheroid formation assays, single cell suspensions of 2x10 4 cells were seeded in 6-well ultra-low attachment plates (Corning, Inc., Corning, New York, USA) in complete mammoCult™ medium (Stem Cell Technologies, Vancouver, BC, Canada). Cells were cultured in mammoCult media according to the manufacturer's instructions. The number of spheres for each well was evaluated after 7 days of culture.
For colony formation assays, cells were seeded in a 6-well plate (1x10 3 cells/well). After incubation at 37˚C for 7 days, the cells were washed twice with PBS and stained with 0.1% crystal violet solution. The dishes were photographed and the colonies were counted.
Chemosensitivity assay was determined by Cell Counting kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan).
Briefly, 6x10
3 cells in 100 µl medium was dispensed into a 96-well plate. After overnight incubation, cells were exposed to 5-fluorouracil (5-Fu) and cisplatin for 72 h, respectively. Then CCK-8 was added to the wells and incubated for 1 h. Finally, the absorbance of the sample taken from each well was detected at 450 nm.
Statistical analysis. The statistical analyses were performed using GraphPad Prism software version 5.0 (GraphPad Software, Inc., La Jolla, CA, USA) and SPSS version 19.0 (SPSS, Inc., Chicago, IL, USA). A statistical analysis for group differences was performed by using the Chi-square test or the Student's t-test. The mean SD of three independent Table Ⅰ. Sequences of gene-specific primers used for real-time RT-PCR.
Gene
Primer sequence forward (5'-3') Primer sequence reverse (5'-3') TAATCGTCAATGCCAGTGTACTTC  CTTCTCCCAAGTTTTGAGCCAT  CD133  TGGATGCAGAACTTGACAACGT  ATACCTGCTACGACAGTCGTGGT  K19  TTTGAGACGGAACAGGCTCT  TCAGTAACCTCGGACCTGCT  LIN28  TGTAAGTGGTTCAACGTGCG  CCTCACCCTCCTTCAAGCTC  NOTCH1 GAGGCGTGGCAGACTATGC CTTGTACTCCGTCAGCGTGA GAPDH GGTCTCCTCTGACTTCAACA GTGAGGGTCTCTCTCTTCCT experiments is reported. Recurrence free survival (RFS) and overall survival (OS) after the operation were calculated using the Kaplan-Meier method. Multivariate analysis of prognostic factors for survival was performed by a Cox stepwise regression model. A P-value of <0.05 was considered to be statistically significant.
Results
NEK2 expression is upregulated in HCC.
To determine the significance of NEK2 in HCC, we first analyzed multiple microarray data sets in the Oncomine database (www.oncomine.com). As showed in Fig. 1A and B, we found NEK2 mRNA levels were significantly increased in HCC samples as compared to normal liver tissue from two published HCC gene expression studies Wurmbach Liver Statistics (18) and Roessler Liver Statistics (19) (all P<0.001). We further assessed the mRNA expression of NEK2 in multiple HCC cell lines by real-time RT-PCR test. As shown in Fig. 1C , the mRNA levels of NEK2 were higher in the seven HCC cell lines including Hep-G2, Hep-3B, HuH-7, SMMC7721, HCCLM3, Snu387 and Snu475 than that in Chang liver.
To verify the microarray analysis results, we performed IHC experiments on 40 pairs human HCC specimens and their matched normal tissues. Immunohistochemical analysis showed NEK2 positive staining was detected in the nuclear and cytoplasmic regions. The expression of NEK2 was classified into negative (-) or weak positive (+) and moderate positive (++) or strong positive (+++) staining in Fig. 1D . Positive staining of NEK2 could be observed in 23 of 40 (57.5%) cases of HCCs, whereas NEK2 showed positive staining in only 3 of 40 (7.5%) cases of adjacent non-tumor tissues.
Correlation between NEK2 expression and clinical outcome.
To better understand the clinical significance of NEK2 expression in HCC, we investigated the clinicopathological features of NEK2 in 104 HCC samples. As shown in Table Ⅱ To assess the prognostic significance of NEK2 expression, Kaplan-Meier curves for OS and RFS were analyzed. The OS and RFS rates at 5 years were 51.7 and 31.7% for NEK2 positive patients (n=60) compared with 72.7 and 54.5% for NEK2 negative patients (n=44), respectively (OS P<0.05, Fig. 2A ; RFS P<0.01, Fig. 2B ).
Univariate Cox regression analysis was conducted to identify important prognostic factors of OS. NEK2 expression (P=0.014), PVTT (P<0.001), TNM stage (P<0.001) and tumor size (P= 0.034) were identified as important risk factors for OS (Table Ⅲ) . However, in multivariate Cox analysis, NEK2 expression (P=0.033) and tumor size (P=0.032) were found to be independent negative prognostic factors for OS (Table Ⅲ) .
These results indicated that the positive expression of NEK2 was associated with unfavorable outcomes in HCC patients.
NEK2 knockdown decreases the self-renewal property of CSCs. β-catenin is a key downstream molecule in the
Wnt/β-catenin signaling pathway, which is one of the wellknown pathways to play a critical role in CSC formation and maintenance (20, 21) . The results from the clinical samples indicated a correlation between NEK2 levels and β-catenin, so we next investigated whether NEK2 knockdown influenced the stemness characteristics of CSCs in HCC. Given that selfrenewal is a hallmark of CSCs, we performed sphere forming assay and colony formation assay to investigate the role of NEK2 in maintaining self-renewal property in HCC cells.
siRNA technology was used to knockdown NEK2, and its levels were effectively downregulated in HCCLM3 and Hep-3B, verified by qRT-PCR (all P<0.001; Fig. 3A ) and western blotting (Fig. 3B) . In the sphere formation assay, we found that NEK2 knockdown group and control group grew in the form of suspended individual cells on the first day. As 7 days passed, HCCLM3 and Hep-3B cells in which NEK2 expression was knocked down exhibited fewer and smaller spheres (all P<0.01; Fig. 3C and D) . Colony formation assay showed that NEK2 deletion formed less and smaller colonies than their control groups. NEK2 knocked-down also resulted in generation of a decreased ability to form colonies in HCCLM3 and Hep-3B cells (all P<0.01; Fig. 3E and F) .
Deletion of NEK2 reduces the expression of stemness associated genes of CSCs. NEK2 had been proved to influence self-renewal of HCC CSCs, then we investigate whether the knockdown of NEK2 suppresses stemness associated genes by means of western blot analysis and qRT-PCR. We investigated whether NEK2 influences the expression of transcriptional factors including Bmi-1, Sox2 and Nanog, which are essential for maintaining stem cell phenotypes. Compared with the control group, western blot analysis showed NEK2 knockdown decreased the levels of stem cell genes Bmi-1, Sox2 and Nanog in HCCLM3 (Fig. 4A) and Hep-3B (Fig. 4B) cells. Additionally, the expression levels of the hepatic CSC markers EpCAM, CD133, K19, LIN28 and NOTCH1 were analyzed Table Ⅲ . Univariate and multivariate Cox regression analysis for OS (HR hazard ratio, CI confidence interval). by qRT-PCR. All of these markers have been reported to be enriched in hepatic CSCs. QRT-PCR analysis also revealed that NEK2 deletion in HCCLM3 and Hep-3B cells expressed lower mRNA levels of EpCAM, CD133, K19, LIN28 and NOTCH1 (all P<0.01; Fig. 4C and D) .
OS ---------------------------------------------------------------------------------------------------------------------------------------------------Univariate analysis Multivariate analysis --------------------------------------------------------------------------------------------------------------------------------------
NEK2 regulates the self-renewal property of CSCs through
the canonical wnt/β-catenin signal pathway. Next, we explored the molecular mechanisms by which NEK2 affects the self-renewal traits of CSCs. Recent studies indicate that Wnt/β-catenin pathway play a key role in hepatic CSCs (22) and its deregulation has been extensively reported in HCC (23, 24) . We examined both expression of the NEK2 and β-catenin from previous HCC specimens by IHC. Nek2 positive expression was found to associate with β-catenin positive expression (r=0.358, P<0.001; Table Ⅲ) . Western blot analysis also showed NEK2 knockdown reduced β-catenin protein (Fig. 5A) , but the mRNA level of β-catenin was not altered (P<0.01; Fig. 5B ) in HCC cells, which meant NEK2 regulated β-catenin through post-translational modification. This result was in accordance with that previously shown, i.e. NEK2 binds to β-catenin to prevent its ubiquitination and degradation (14) . Subsequently, we used qRT-PCR to assessed the expression of downstream target genes of wnt/β-catenin signal pathway including EpCAM and c-Myc. The expression of EpCAM and c-Myc in NEK2 knockdown group was significantly decreased compared with controls (all P<0.01; Fig. 5C ).
Wnt3a, a canonical Wnt ligand, activates the canonical Wnt signaling pathway (25, 26) . Moreover, to confirm that the self-renewal effect of NEK2 was caused by activation of the Wnt/β-catenin pathway, we enhanced canonical Wnt signaling with exogenous recombinant human Wnt3A (R&D Systems, Minneapolis, MN, USA; 20 ng/ml). HCC cells were transfected with siRNA for 24 h, subsequently were cultured in the presence of recombinant Wnt3a. As confirmed, NEK2 knockdown reduced the ability to form tumorspheres in vitro, conversely, Wnt3a addition increased the ability of tumorsphere formation to partially compensate NEK2 inhibition in HCCLM3 (all P<0.01; Fig. 5D ) and Hep-3B (all P<0.01; Fig. 5E ). All these results demonstrate the important role of NEK2 in maintaining self-renewal property by means of Wnt/β-catenin signaling.
NEK2 deletion reduces chemotherapeutic resistance of CSCs.
Chemotherapeutic resistance is an important characteristic of CSCs, which are known to show strong resistance to chemotherapy, thus, we examined 5-Fu and cisplatin resistance of HCC cells for NEK2 inhibition. Compared with control cells, NEK2 knockdown cells displayed significantly higher sensitivity to 5-Fu and cisplatin chemotherapeutic agents in HCCLM3 (P<0.01; Fig. 6A ) and Hep-3B cells (P<0.01; Fig. 6B ). Finally, to investigate the mechanism responsible for 5-Fu and cisplatin resistance, we analyzed the mRNA expressions of multidrug resistant genes (ABCG2) and aldehyde dehydrogenase 1 family, member A1 Aliases (ALDH1A1). QRT-PCR showed that ABCG2 and ALDH1A1 were lowered in siNEK2 HCC cells (all P<0.01; Fig. 6C and D) . All together, these data indicate that NEK2 may influence chemotherapeutic resistance through regulating the expression of ABCG2 and ALDH1A1 in HCC cells.
Discussion
The association between aberrant NEK2 expression and the prognosis of patients with HCC has not been previously reported. However, a few studies have estimated the impact of NEK2 expression on the prognosis of several other types of cancers. In the present study, we firstly demonstrated that increased expression of NEK2 was significantly associated with poor prognosis and was an independent prognostic factor in patients with HCC. The effects of NEK2 expression on CSC-like properties have not been examined in HCC or other cancers. In addition, our results from in vitro experiments indicated that knockdown of NKE2 expression contributed to the inhibition of CSC-like properties in HCC, including the self-renewal and chemotherapeutic resistance properties.
CSC was first reported in acute myeloid leukemia (AML) (27) , and subsequently found in some solid tumors, including HCC. NEK2 was associated with cancer cells in proliferation, drug resistance, apoptosis, tumorigenicity, invasion and migration (11, 28, 29) . To better elucidate the role of NEK2 in CSCs, we investigated the effect of NEK2 depletion on the self-renewal properties. As expected, the ability to form spheres and colonies was inhibited. Nanog, Sox2 and Bmi-1 are three core transcription factors regulating cellular pluripotency and are known to suppress differentiation in ES cells (4, 30) . CD133, EpCAM, K19, LIN28 and NOTCH1 which is frequently expressed in HCC, has been predicted to be a CSC marker (31) (32) (33) (34) . Silencing NEK2 expression in HCC cells also downregulated the expression of stemness associated genes of CSCs, including Nanog, Sox2, Bmi-1, EpCAM, CD133, K19, LIN28 and NOTCH1.
The canonical Wnt/β-catenin signaling pathway has emerged as a critical regulator of stem cells. In many tissues, activation of Wnt /β-catenin signaling has also been associated with cancer. This has raised the possibility that the tightly regulated self-renewal mediated by Wnt/β-catenin in stem and progenitor cells is converteded in cancer cells to allow malignant proliferation (35) . Further investigation revealed that NEK2 influenced the self-renewal properties in HCC cells though the Wnt/β-catenin signaling pathway. EpCAM and c-Myc has been shown to be a direct transcriptional target in the Wnt/β-catenin signaling pathway (22, 36) , which has been suggested to play an important role in governing the self-renewal of cancer cells (37, 38) . Our data indicated that the expression of β-catenin, EpCAM and c-Myc reduced accordingly when NEK2 was silenced. Furthermore, Wnt3a increased the ability of tumorsphere formation to partially compensate NEK2 inhibition. Taken together, these results suggest that the role of NEK2 in regulating self-renewal property is via activation of the Wnt/β-catenin signaling pathway.
For HCC, traditional chemotherapeutic strategies do not completely eliminate tumors, which results in tumor recurrence and drug resistance. The CSC model might explain this situation, and drug resistance is one of its properties (39, 40) . We examined the influence of NEK2 to drug resistance of HCC. Our results showed that NEK2 deletions were more sensitive to 5-Fu and cisplatin in HCC cells. This results was consistent with previous reports that NEK2 induced drug resistance in other cancers through different mechanisms, such as activation of efflux drug pumps (7) and regulation ALDH1A1-dependent drug resistance (41) . Further qRT-PCR analyses revealed that knockdown of NEK2 decreased ABCG2 and ALDH1A1 level.
As an important multidrug resistance transporter, ABCG2 has the capability to efflux various chemotherapy drugs and contributes to drug resistance of cancer cells (42, 43) . ABCG2 was also considered as a potential marker of CSCs in HCC and relevant with tumor stages and poor prognosis (44) . ALDH1A1, belonged to the aldehyde dehydrogenases family of proteins, plays an important role in the metabolization of reactive acetaldehyde, and is expressed at high levels in stem cells and regulates stem cell function (45) . Enforced expression of ALDH1A1 led to increased activity of the drug efflux pump to induce drug resistance (41) . ALDH1A was also reported as a marker of several stem cancer cells (46) (47) (48) . These findings further support the idea that NEK2 knockdown could increase the susceptibility of chemotherapy drugs and decrease the stemness marker for HCC by preferentially mediating ABCG2 and ALDH1A1.
In conclusion, we firstly demonstrated that upregulation of NEK2 expression contributed to poor prognosis in patients with HCC. Furthermore, the study also revealed the role of NEK2 in maintaining self-renewal property by means of Wnt/β-catenin signaling, and influencing chemotherapeutic resistance by preferential regulating the expression of ABCG2 and ALDH1A1 in HCC cells. The present study provides a foundation for future studies that hold great promise for the development of a novel clinical biomarker for prediction of the malignant potential of HCC, and therapeutic strategies for HCC patients.
